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Chlamydomonas is a model organism used for studies of many important biological processes. Tradi-
tionally, strains have been propagated on solid agar, which requires routine passaging for long-term
maintenance. Cryopreservation of Chlamydomonas is possible, yet long-term viability is highly vari-
able. Thus, improved cryopreservation methods for Chlamydomonas are an important requirement for
sustained study of genetically deﬁned strains. Here, we tested a commercial cryopreservation kit and
directly compared it's effectiveness to a methanol-based method. We also tested thaw-back procedures
comparing the growth of cells in liquid culture or on solid agar media. We demonstrated that methanol
was the superior cryopreservation method for Chlamydomonas compared to the commercial kit and that
post-thaw culture conditions dramatically affect viability. We also demonstrated that cryopreserved cells
could be successfully thawed and plated directly onto solid agar plates. Our ﬁndings have important
implications for the long-term storage of Chlamydomonas that can likely be extended to other algal
species.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Chlamydomonas is a unicellular, green alga that is used as a
model organism for the study of many fundamental biological
processes [2]. It offers an exceptional range of experimental ad-
vantages. Chlamydomonas has a chloroplast similar to those found
in plants and two ﬂagella (cilia) that are virtually identical to cilia/
ﬂagella in higher eukaryotes like humans; the high conservation of
cilia structure and ciliary proteins has made Chlamydomonas the
system of choice for studies of cilia biology. Chlamydomonas is
typically haploid, but can be propagated mitotically as stable dip-
loids. The haploid genome allows for easy identiﬁcation and
isolation of mutant strains many of which are readily available
through several algal collections worldwide (~2900 strains at
Chlamydomonas Resource Center alone; http://chlamycollection.
org/). Cultures are typically maintained by serial passaging on
agar, a time and labor intensive process.
Cryopreservation is a routine method for long-term storage and
serves as a means for maintenance of the genetic content of a strain
or cell type. While many cell types are amenable toTAP, Tris Acetate Phosphate;
rough), mwirschell@umc.edu
Inc. This is an open access article ucryopreservation, the preservation of alga such as Chlamydomonas
has proven to be more difﬁcult due to the high variability of post-
thaw viability levels and limited effectiveness of a range of com-
mon cryopreservation agents [3e5]. Cryopreservation of Chlamy-
domonas in liquid nitrogen using methanol maintains the lipid
integrity of membranes, whereas dimethylsulfoxide (DMSO),
another common cryopreservation agent (CPA), did not protect
membranes [7]. Recently, it was shown that cryopreservation of
Chlamydomonas cells at high cell densities (>2.5  106 cells/ml)
suffer from the release of an unknown substance that affects post-
thaw survival rates [6]. Moreover, it was shown that diluting a
concentrated culture gave higher viability than centrifugation of
cells to concentrate. Based on these observations, we have adapted
a cryopreservation protocol from freezing protocols available at
www.chlamycollection.org. The method involves the use of meth-
anol as a CPA, which is a more effective CPA than DMSO [1,7]. We
also tested, for the ﬁrst time, the efﬁcacy of a commercial algal
cryopreservation kit, GeneArt Cryopreservation kit, for the cryo-
preservation of Chlamydomonas (Fig. 1).nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.1. Strains and culture conditions
Awild-type strain, CC125, and an arginine-requiring auxotroph,
CC3680, were acquired from the Chlamydomonas Culture Collection
(www.chlamycollection.org). Cells were grown on Tris Acetate
Phosphate (TAP) agar plates and then inoculated into liquid TAP
media for all experiments. TAP media was supplemented with
200 mg/ml L-arginine for the CC3680 strain. All strains were
cultured at 23C with a 14:10 light:dark cycle. Cells in liquid culture
were aerated with a mixture of 5% CO2:95% house air or placed on a
rotary shaker at 110 rpm as required for the GeneArt cryopreser-
vation method.1.2. Cryopreservation of Chlamydomonas cells using methanol
For the standard methanol protocol, cells were grown in liquid
TAPmedia on a 14:10 light:dark cycle with constant aerationwith a
mixture of 5% CO2:95% house air for 3 days to ~1  106 cells/ml. If
the cell concentration was too high, cells were diluted to
1  106 cells/ml. 900 ml of cell suspension was aliquoted into 2-ml
cryopreservation tubes (Cat # 430661, Corning) to which 900 ml of
TAP þ 10% methanol was added (giving a 5% methanol ﬁnal con-
centration). Cryovials were placed in a Mr. Frosty cryo-containerFig. 1. Schematic of cryopreservation and thawing methods. Chlamydomonas cells (CC1
protectant or frozen using the GeneArt protocol using a proprietary cryoprotectant reagen
aeration or shaking on a rotary shaker. Cell growth was monitored by cell counts and imag(Cat # 15-350-50, Thermo Fisher) for 90 min at 80C and then
transferred to liquid nitrogen for storage.1.3. Freezing Chlamydomonas cells using GeneArt cryopreservation
kit
For the GeneArt cryopreservation method (Catalog # A24228,
Life Technologies), we followed the manufacturers' protocol with a
correction to the equation for calculating the cell concentration; we
used OD750-0.088/9  108 for calculating cell density in cells/ml.
The equation provided in the manufacturers’ protocol was OD750-
0.88/9  108. Cells were inoculated into liquid TAP media and
grown for 3 days as indicated above. Pre-conditioning media was
prepared and cells inoculated to OD750 ¼ 0.1. Cultures were placed
on a rotary platform shaker set to 110 rpm and incubated for 3 days
in standard light conditions, then overnight in dim light. The cell
concentration was determined and cells harvested at 2500 rpm for
5 min. The pre-conditioning media was removed and cells were
resuspended to 2.5  107 cells/ml in cryopreservation reagent B.
The cell suspension was incubated at room temperature for
30e45 min and 240 ml of the cell suspension was aliquoted into
cryovials. Cryovials were placed into the cryo-container without
the foam insert and without isopropanol; if necessary, empty
spaces were ﬁlled with blank tubes. The container was placed
at80C on an open shelf for 4 h without opening the freezer. After25 or CC3680) were grown in liquid culture and frozen using a methanol as a cryo-
t. Vials of frozen cells were thawed and cultured on plates or in liquid culture with
ing of culture plates.
Fig. 2. Growth curves for Chlamydomonas cells. Cells frozenwith methanol or GeneArt cryoprotectants were thawed directly into liquid TAP (CC125) or TAP supplemented with L-
arginine (CC3680) after 1, 3 and 6 months of storage. Cells were cultured with aeration (Green triangle ¼ methanol, Blue diamond ¼ GeneArt) or on a rotary shaker (Purple asterik
line ¼ methanol, Red square line ¼ GeneArt). Cell Counts were performed on days 3, 5, 7 and 10 post-thawing. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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boxes for long-term storage at 80C.1.4. Thawing Chlamydomonas cells
Cells cryopreserved in methanol were thawed at 1, 3 and 6
months. Cryovials were removed from liquid nitrogen and imme-
diately plunged into a 35C water bath for 3e5 min to thaw.
Thawed cells were inoculated directly into 175-ml of TAP in a 250-
ml ﬂask and grown under standard light conditions with aeration
or thawed into 200-ml of TAP in a 500-ml ﬂask and grown on a
rotary shaker at 110 rpm. In addition, we tested the growth of
methanol-preserved cells by plating thawed cells directly onto agar
plates (1.5 105 cells/plate), which were cultured for 1 week under
standard light:dark conditions in an incubator with 65% relative
humidity.
Cells cryopreserved by the GeneArt method were thawed at 1, 3
and 6 months by plunging frozen vials directly into a 35C water
bath for 1e2 min. Thawed cells were inoculated directly into 175-
ml of TAP in a 250-ml ﬂask and grown under standard light con-
ditions with aeration or thawed into 200-ml of TAP in a 500-ml
ﬂask and grown on a rotary shaker at 110 rpm. In addition, we
tested the growth of GeneArt-preserved cells by plating thawed
cells directly onto agar plates (1.5  106 cells/plate), which were
cultured in the incubator as described above. For both methods,
cells were frozen in triplicate experiments. A schematic depicting
the two methods is shown in Fig. 1.Cell growth in liquid culture was monitored by cell counting
with a hemacytometer beginning at day 3 post-thawing. Thawed
cells plated onto agar media were photographed for cell growth on
days 6e7.
We analyzed the growth of cryopreserved cells thawed into
liquid media. Our results demonstrate that cell growth after
thawing is overall superior for both the wild-type strain and the
arginine mutant strain with methanol cryopreservation (Fig. 2)
compared to GeneArt cryopreservation. Moreover, for both
methods, cell growth counts demonstrate that aeration of liquid
cultures gave more robust recovery after thawing than did shaking
on a rotary shaker, which is the preferred method for cell recovery
for the GeneArt manufacturers’ protocol (see Fig. 2).
Wild-type cells cryopreserved in methanol showed robust post-
thaw growth rates when thawed into liquid culture and aerated
versus culture on a rotary shaker (Fig. 2A; compare green and
purple lines). Wild-type cells cryopreserved in the GeneArt re-
agents also showed cell growth when thawed into liquid culture
and aerated, but the overall growth was lower than that observed
for methanol preservation at 1 and 6 months (Fig. 2A; compare
green and blue lines). The only time we observed a higher cell
density for GeneArt cryopreservation was at 3 months when cell
counts were performed at day 7 post-thawing (Fig. 2A; compare
green and blue lines). With both the methanol and GeneArt
methods, recovery after thawing was quite poor when cells were
cultured on a rotary shaker (Fig. 2A; compare red and purple lines).
The arginine-mutant strain, CC3680, showed no post-thawing
Fig. 3. Viability of cryopreserved cells thawed and cultured on agar plates. Cryopreserved cells were thawed and inoculated onto solid agar plates. Wild-type cells (CC125),
frozen using methanol (left) or the GeneArt reagents (middle), were thawed onto TAP plates and cultured for 6e7 days. CC3680 (arginine requiring) cells, frozen using methanol
(right), were thawed onto TAP plates supplemented with L-arginine. Plates were cultured for 6e7 days. Pictures were taken of representative plates from cells frozen for 1, 3 and 6
months.
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of the post-thaw culture conditions (Fig. 2B). This strain did show
robust post-thaw recovery from methanol cryopreservation but
only when cultured with aeration (Fig. 2B; compare green and
purple lines); cells cultured on a rotary shaker showed little to no
post-thaw growth.
We also thawed cells and plated directly onto TAP (or
TAP þ Arginine for CC3680) agar plates to test post-thawing re-
covery. Plates were photographed after 6e7 days of growth in the
incubator under standard light conditions and 65% relative hu-
midity. For the wild-type strain, CC125, both GeneArt and
methanol-preserved cells showed detectable cell growth after 1
week although less overall growth was observed for cells frozen
using the GeneArt kit in spite of the fact that we plated 10-fold
more cells per plate. Thus, while cell growth and recovery was
obtained, the viability was better for cells cryopreserved in
methanol.
For the CC3680 strain, methanol-preservation showed slower
overall recovery on plates compared to CC125. No recovery was
obtained for CC3680, as we did not pursue freezing CC3680 cells for
this thawing method (see below).
In this study, we compared the effectiveness of two cryopres-
ervation methods for freezing Chlamydomonas cells. We conﬁrm
that methanol remains the most effective cryopreservation method
for Chlamydomonas. Thawing of cells required aeration of liquid
cultures for optimal viability rather than slow shaking on a rotary
shaker. Whether more vigorous shaking to increase the aeration of
liquid cultures would improve the post-thaw recovery is not
known. We tested two different Chlamydomonas strains, a standard
wild-type strain, CC125, and an arginine auxotrophic strain,CC3680. Methanol cryopreservation proved to be superior for both
strains.
Our use of the commercially available algal cryopreservation kit,
GeneArt, resulted in signiﬁcantly less post-thaw viability of liquid
cultures. Post-thaw viability of wild-type cells appeared to be
better when cells were plated onto solid agar plates, although the
viability still appears to be less thanwhat is observed for methanol-
preserved cells. There are several possible explanations for these
results. The GeneArt method dictates the cryopreservation be
performed using cell densities (2.5  107 cells/ml) that have been
shown to produce lower post-thaw viability using methanol-based
cryopreservation [6]. This feature may contribute to the poorer
overall recovery of cells frozen by this method. In addition, the
GeneArt protocol requires cells to be concentrated by centrifuga-
tion for resuspension in Reagent B for cryopreservation; centrifu-
gation to concentrate cells before cryopreservation has also been
shown to decrease cell viability [6].
Moreover, we found that the CC3680 arginine-requiring strain
did not show post-thaw recovery in liquid culture using the
GeneArt protocol. Notably, this strain showed particular sensitivity
to the pre-conditioning media; cells tended to lose their ﬂagella,
become enlarged and showed increased cell death resulting in
slower growth in the pre-conditioning media (reagent A). We had
far fewer cells in our GeneArt prepared CC3680 cultures and were
unable to generate the required number of cells to complete our
analyses. As a result, we were unable to assess the post-thaw re-
covery of CC3680 cells on solid agar.
We have directly compared two different cryopreservation
methods for Chlamydomonas cells. Using two common lab strains,
wild-type CC125 and arginine-requiring CC3680, we determined
C. Scarbrough, M. Wirschell / Cryobiology 73 (2016) 291e295 295that methanol cryopreservation remains the most reliable and
consistent means of cryopreservation. Moreover, we show that
post-thaw culture conditions can dramatically affect the recovery of
cells from cryopreservation. Robust aeration is critical for cells
thawed directly into liquid culture. We also demonstrate that cry-
opreserved cells can be successfully thawed and plated directly
onto solid agar plates.
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